T he evaluation of left ventricular (LV) diastolic function is an essential component of the echocardiographic examination for dyspneic patients with impaired or preserved LV systolic function. Doppler echocardiography, in combination with 2D echocardiographic findings, can assist the diagnosis of underlying cardiac dysfunction, give an estimate of LV filling pressures, guide heart failure treatment, and provide important prognostic information. 1, 2 However, pseudonormalization of the LV filling pattern complicates the Doppler echocardiographic assessment of LV diastolic function in patients with heart failure [3] [4] [5] because the increased atrial pressure increases the early transmitral velocities (E), which were first decreased by abnormal relaxation. Besides evaluating isovolumetric relaxation time (IVRT) and E-wave deceleration time (DT), assessing changes in mitral inflow induced by a Valsalva maneuver (VM) is recommended as a method for differentiating between normal and pseudonormal LV filling patterns. 6 In patients with a pseudonormal LV filling pattern, an effective VM induces an increased intrathoracic pressure with a reduction in venous return and therefore also in forward stroke volume. The associated decrease in left atrial pressure and inflow volume decreases the E velocity and unmasks the abnormal relaxation, thus revealing the pseudonormal filling.
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However, in an important number of patients (approximately 15%), 7 the VM fails to reveal the change from a dominant early mitral flow velocity toward a larger late velocity. Several factors might be responsible for this. Because it probably has to do with the inability to unload the ventricle by decreasing forward flow during a VM, we focused on both left and right hemodynamic and deformation parameters during a VM in a number of consecutive patients with abnormal filling that showed an unexpected response to a VM.
Methods

Study Population and Study Protocol
A total of 50 patients (30 male; mean age, 66Ϯ13 years) assessed on echocardiography between September 2009 and October 2010 and with a ratio of early (E) to late (A) diastolic mitral flow (E/A) Ͼ1 and Ͻ2 and with pseudonormal filling pattern were included in this study. These 50 patients consisted of 25 consecutive patients with pseudonormal filling (as defined by E/A Ͼ1 and Ͻ2, and suggestions of abnormal filling from decreased E deceleration, prolonged IVRT, low EЈ) 8 with E/A inversion by a VM (VM pos ) and 25 consecutive patients presenting a pseudonormal LV filling but without E/A inversion during a VM (VM neg ). Only patients being in normal sinus rhythm were included. Patients who could not perform a sufficient VM were excluded. The study conformed to the principles outlined in the Declaration of Helsinki, and the locally appointed ethics committee approved the research protocol. Written informed consent was obtained from all patients or their guardians. Patient history and medication profile were obtained.
Standard Echocardiographic Measurements
LV septal and posterior wall thicknesses at end-diastole were measured using M-mode echocardiography from parasternal longaxis images (GE Vingmed Vivid 7, Horten, Norway; 3.5 MHz). The same parasternal LV long-axis images were used to extract LV end-diastolic and end-systolic dimensions with M-mode. Left atrial end-systolic diameter (LAD) was measured with 2D mode from parasternal long-axis images. Left atrial end-systolic volume (LAV) was assessed by the modified biplane Simpson method from 4-chamber images. Left atrial volume index was calculated (left atrial volume/body surface area). Right atrial end-systolic area (RAA) and right ventricular end-diastolic dimension were measured from apical 4-chamber images. Fractional shortening was calculated. The LV ejection fraction (EF) was measured by the modified biplane Simpson method. To measure transmitral flow, the pulsed Doppler sample window was positioned between the tips of the mitral valve leaflets, and peak flow velocity in early diastole (E wave) and during atrial contraction (A wave) was measured. From these, the E/A ratio was calculated and the DT of the E wave was measured. In addition, the duration of the blood flow into the LV during atrial contraction was measured (MVa_dur). Next, the pulsed Doppler sample volume was positioned 1 cm into the pulmonary veins, guided by color flow data for the visualization of the blood coming back into the left atrium. Using these traces, pulmonary vein peak systolic (PVs) velocity, peak diastolic (PVd) velocity, S/D ratio, peak atrial reversal (PVa) velocity, as well as the duration of PVa (PVa_dur) were measured. The difference between PVa_dur and MVa_dur was calculated, and a value larger than 30 ms indicated elevated filling pressure as typically seen in advanced diastolic dysfunction such as pseudonormal filling. 1, 9 In addition, pulsed-wave tissue Doppler imaging was performed with standard presets optimized to eliminate background noise and enhance tissue signals. Using the 4-chamber view, a Doppler trace was extracted from the septal and lateral mitral annulus. The average of the 2 early diastolic tissue velocities (EЈ) was measured and the E/EЈ ratio was calculated. Measurements were averaged over 3 cycles. Pseudonormal (grade 3) filling pattern was diagnosed according to recent professional organization guidelines for the assessment of diastolic function. 10, 11 Systolic mitral ring displacement was measured at the septal side with M-mode echocardiography from an apical 4-chamber view and served as a surrogate of the overall systolic longitudinal function of the septum. 12 To obtain tricuspid annular plane systolic excursion, the apical 4-chamber view was used, and an M-mode cursor was placed through the lateral tricuspid annulus in real time. Off-line, the brightness was adjusted to maximize the contrast between the M-mode signal arising from the tricuspid annulus and the background. 13 The pressure gradient between the right ventricle and atrium (⌬P RV-RA ) was estimated from the Doppler tricuspid regurgitation wave, using the modified Bernoulli equation (⌬Pϭ4v 2 ).
To assess tricuspid insufficiency (TI), the vena contracta width was measured. Additionally, TI was graded as previously described by Miyatake et al. 14 Jet measurements of TI were performed from an apical 4-chamber view. The Nyquist limit (aliasing velocity of 50 -60 cm/s) and color gain were optimized to minimize color speckle. Based on the maximal distance from the tricuspid orifice reached by the regurgitant flow, grade 1 (physiological) was Ͻ1.5 cm; grade 2 (mild), 1.5-3.0 cm; grade 3 (moderate), Ͼ3.0 -4.5 cm; and grade 4 (severe), Ͼ4.5 cm. The right ventricular outflow tract (RVOT) velocity time integral (VTI) was obtained by placing the pulsed-wave Doppler sample volume in the proximal RVOT at the level of the pulmonic valve in the parasternal short-axis view and tracing the outer boundaries of the spectral Doppler signal. This measurement was repeated up to 3 times, and the average value was recorded. After acquiring the baseline data set, all blood pool Doppler data were recorded again during VM (except of the Doppler flow in the pulmonary veins). A standardized VM was performed as described, 15 and patients were asked to keep straining for at least 15 seconds. This maneuver was confirmed by touching the hardened abdominal wall, a sign of abdominal muscle contraction during VM. Parameters were obtained in phase II during VM.
Strain Rate Imaging
Real-time 2D color Doppler myocardial imaging data were recorded from the interventricular septum, lateral wall, and right ventricular free wall using a standard apical 4-chamber view to evaluate longitudinal deformation. To assess radial deformation, the LV posterior wall was used. Because this method is angle dependent, care was taken that the investigated myocardium and the ultrasound beam were aligned to nearly 0°. Data were analyzed with dedicated software (Echopac, GE Ultrasound). 16 Strain rate profiles were averaged over 3 consecutive cardiac cycles and integrated over time to derive Lagrangian strain profiles with the onset of the QRS complex on ECG as the reference point. From the averaged strain rate and strain data, systolic strain (which is related to regional stroke volume) and peak systolic strain rate (which is related to regional contractility) were calculated. 17 For radial LV function, these 2 parameters were extracted from the basal posterior wall. For longitudinal function, both parameters were extracted from each wall in the mid segment.
Data Analysis
Data are presented as the meanϮSD or as absolute patient numbers. Differences between groups were tested using an unpaired Student t test. Differences between baseline and during VM data in the same group were tested using paired Student t test. A probability value of Ͻ0.05 was considered as indicating statistical significance. Statistica Version 8.0 was used.
Results
The clinical data of the patients are presented in Table 1 . Patients with abnormal diastolic function without E/A inversion were older than patients with E/A inversion. More VM neg patients were treated with ␤-blocker agents than VM pos patients. Systolic and diastolic blood pressure and New York Heart Association functional class were similar between the 2 groups. There were 3 patients with moderate/ severe aortic stenosis and 2 patients with mitral valve prolapse; there was no primary tricuspid valvular disease in this cohort.
The echocardiographic standard parameters are shown in Table 2 . RAA was significantly larger in VM neg patients than in VM pos patients. In the VM pos group, there were 24 patients with mild TI ( Figure 1A ) and 1 with moderate TI. In contrast, in the VM neg group, 24 patients presented moderate to severe TI ( Figure 1B ) and only 1 mild TI. Diastolic function parameters were similar at baseline ( Table 3 ). During the VM, peak E/A was significantly higher in the VM neg group compared with the VM pos group. DT was significantly shorter in the VM neg group compared with the VM pos group.
The effects of a VM on heart rate, LV diastolic function, and RV pressure gradients are also shown in Table 3 . Heart rate tended to be higher in the VM pos group during the VM (all PϾ0.05 versus baseline) and tended to be lower in the VM neg group during the VM (PϾ0.05 versus baseline). Peak E-wave velocity was significantly reduced during VM in VM pos group. Peak A-wave velocity and MVa_dur remained unchanged during VM in the 2 groups. E/A was significantly reduced, whereas DT and IVRT significantly prolonged in the VM pos group, and they remained unchanged during VM in the VM neg group. ⌬P RV-RA was significantly reduced during VM in both groups. RVOT VTI was significantly reduced in the VM pos group, whereas it significantly increased in the VM neg group during VM.
As shown in Table 4 , radial peak systolic strain rate and systolic strain, longitudinal peak systolic strain rate, and strain in the septum, lateral, and RV free walls were similar between the VM pos and VM neg groups but decreased when compared with published normal values. 18, 19 
Discussion
The detection of a pseudonormal diastolic LV filling pattern is clinically important for the explanation of dyspnea of unknown origin. One of the methods used in everyday practice in the echocardiographic laboratories to unmask this pseudonormal diastolic filling pattern is the response to a VM. The current findings demonstrate that the unmasking effect of a VM is largely lost in patients with moderate to severe TI.
Impact of VM on Diastolic Filling
The VM is a complex hemodynamic process that involves 4 phases. During phase I, on application of expiratory force, ACEI indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; BP, blood pressure; CAD, coronary artery disease; DM, diabetes mellitus; E/A, peak early/peak atrial diastolic velocity ratio; NYHA, New York Heart Association; and VM: Valsalva maneuver.
*PϽ0.05 versus E/A inversion. E/A indicates peak early/peak atrial diastolic velocity ratio; LVEDD, left ventricular end-diastolic dimension; EF, ejection fraction; LVESD, left ventricular end-systolic dimension; FS, fraction shortening; IVSD, interventricular septum end-diastolic dimension; LAD, left atrial end-systolic dimension; LAVI, left atrial end-systolic volume index; LVPWD, left ventricular posterior wall end-diastolic dimension; MI, mitral insufficiency; PVs, pulmonary vein peak systolic velocity; PVd, pulmonary vein peak diastolic velocity; PVa, pulmonary vein peak atrial reversal velocity; PVa_dur, duration of PVa; RAA, right atrial end-systolic area; RVD, right ventricular end-diastolic dimension; TI, tricuspid insufficiency; and VM, Valsalva maneuver. *PϽ0.05 versus E/A inversion.
intrathoracic pressure rises and forces blood out of the pulmonary circulation into the left atrium. In phase II, venous return is impeded by the intrathoracic pressure. In phase III, intrathoracic pressure is released. Phase IV is the recovery period in which preload in the LV and aortic pressure increase. 20 The period at the end of phase II (the strain phase) is used by clinicians to enhance the accuracy of the physical diagnosis because in this phase the reduced venous return leads to a decrease in LV filling pressure. A pseudonormal mitral inflow pattern is caused by a mild or moderate increase in LA pressure, which offsets the reduced mitral inflow related to impaired relaxation and results in relatively normal E and A velocities. Thus, under these conditions, the VM provokes a decrease of LV filling pressure, which leads to the reduction of the E-wave velocity. As the A velocity remains unchanged or increased during VM, the LV filling is changing to a pattern of impaired relaxation. This change from a pseudonormal to an impaired relaxation filling pattern is called the unmasking effect of the VM, which is accepted as one of the noninvasive methods to differentiate a normal from a pseudonormal filling pattern. 6 It is well known that the VM only works in approximately 85% of the patients with a pseudonormal diastolic filling pattern. 7 Thus far, it has been speculated that this might be related to an insufficient VM, but the underlying reasons have not been systematically analyzed. 21 In our study, the loss of the unmasking effect of a VM appears to be mainly attributed to the presence of moderate to severe TI. Thus, the absence of a E/A inversion after VM, in the presence of moderate or severe TI, is not indicative of normal diastolic filling. Other established parameters (ie, DT, IVRT, the index of PVa_dur minus MVa_dur and left atrial size, E/EЈ, and pulmonary artery systolic pressure) should be taken into account when evaluating diastolic function in these patients.
Impact of TI on VM
In the absence of TI, the VM leads to an increase of intrathoracic pressure and thus to increased central venous pressure. In patients with a significant TI, the induced geometric remodeling of the right heart, together with a potential increase in right atrial pressure, during VM, leads to less volume regurgitation toward the right atrium, and this volume is forwarded during systole toward the pulmonary artery. In the current study, this increase in forward flow was detected as a significant increase of the RVOT VTI (approximate RV stroke volume) during VM. This finding is in contrast to the patients with no significant TI, in which, as expected, RVOT VTI decreases during VM. Furthermore, this increase in RV stroke volume in patients with significant TI leads to a paradoxical increase of LA pressure during VM. Subsequently, no E/A inversion can be achieved in these patients. In contrast, because of the increased filling pressure, the E/A ratio even increased during VM in patients with significant TI. This would explain the failing unmasking effect of the VM in patients with moderate to severe TI. Figure 2A and 2B summarized this hypothesis.
⌬P RV-RA , derived from the TI jet, during the VM will rather reflect the RV-RA dynamics instead of the pulmonary artery pressure changes. During the strain phase of the VM, ⌬P RV-RA was reduced compared with baseline in the 2 groups. This probably is the reflection of the significant increase in RA pressure with elevation of intrathoracic pressure 22 and is therefore not an indication of decreased pulmonary artery (or RV) pressure but a decrease in the difference between RA and RV due to increased RA pressure. Additionally, the change in ⌬P RV-RA during the VM tended to be higher in the VM neg group compared with the VM pos group, which might contribute to the increased RV forward stroke volume during the VM in the patients with initially moderate to severe TI.
Multiple markers for more severe RV dysfunction including severer TI, higher systolic PA pressure, and lower tricuspid annular plane systolic excursion and RV strain rate in the VM neg group were shown in this study. The presence of these abnormalities of the RV, when there is TI, might play a role in how the RV is changing in shape or is exposed to a DT indicates deceleration time; E/A, peak early/peak atrial diastolic velocity ratio; EЈ, early diastolic tissue velocity; E/EЈ, peak early diastolic velocity/early diastolic tissue velocity ratio; HR, heart rate; IVRT, isovolumic relaxation time; MAD, mitral annulus displacement; MVa_dur, duration of mitral flow at atrial contraction; PVa_dur-MVa_dur, difference in duration of peak atrial reversal velocity and mitral flow at atrial contraction; ⌬P RV-RA , pressure gradient between the right ventricle and atrium; RVOT VTI, right ventricular outflow tract velocity-time integral; TAPSE, tricuspid annular plane systolic excursion; and VM, Valsalva maneuver. *PϽ0.05 versus E/A inversion; †PϽ0.05 versus baseline. Strain_RV, % Ϫ26Ϯ8 Ϫ22Ϯ9
E/A indicates peak early/peak atrial diastolic velocity ratio; SR_rad, radial peak systolic strain rate at the basal posterior wall; Strain_rad, radial peak systolic strain at the basal posterior wall; SR_sep, longitudinal peak systolic strain rate in the septal wall; Strain_sep, longitudinal peak systolic strain in the septal wall; SR_lat, longitudinal peak systolic strain rate in the lateral wall; Strain_lateral, longitudinal peak systolic strain in the lateral wall; SR_RV, longitudinal peak systolic strain rate in the right ventricular free wall; Strain_RV, longitudinal peak systolic strain in the right ventricular free wall; and VM, Valsalva maneuver.
lower wall stress (thus also decreasing its size when contracting), during the VM, all of which may contribute to a reduction of the TI. Therefore, RV size, shape, and function will contribute to the failure of the VM to reverse the E/A ratio.
Pseudonormal Diastolic Filling
Although global systolic LV function assessed by EF was almost normal in the 2 groups with a pseudonormal diastolic filling, more sensitive parameters for systolic function such as systolic strain were significantly reduced. Thus, in line with previous studies, 23 we showed reduced LV systolic longitudinal function in these patients with more advanced diastolic dysfunction. As suggested by other studies, 24 -26 the typical heart failure symptoms in these patients with a pseudonormal diastolic filling might also be related to abnormal systolic function. In addition, as shown by the current work, a pseudonormal diastolic filling cannot be diagnosed by one single parameter, especially not by the pure response to a VM. Thus, for these challenging patients, a combination of diastolic parameters together with systolic parameters might be useful.
Pseudonormal patients without VM-induced E/A inversion also appear to have more elevated LV filling pressure and shorter deceleration time than the patients with E/A inversion during VM.
Clinical Implication
In the clinical echocardiographic laboratory, whenever a pseudonormal diastolic filling pattern is suspected, the initiation of a VM is not an informative discriminator in the presence of moderate or severe TI. In contrast, in patients with no significant TI, the VM might be the more applicable technique to unmask the pseudonormal filling pattern. However, this hypothesis must be tested in a larger cohort. In addition, as shown by this work, whenever a parameter or a technique is used to assess diastolic function, one must think about the influence of loading, heart rate, and the basic underlying disease.
Study Limitations
Our study has several limitations: (1) Besides assessing vena contracta width, the grading of tricuspid regurgitation was made on the basis of the appearance of the color flow jet in the receiving chamber. Although this is the method used most frequently in clinical practice, this methodology has significant limitations. 27 (2) Invasive hemodynamic parameters were not obtained to assess LV filling directly.
Conclusion
In summary, we showed that the unmasking effect of the VM is largely lost in patients with moderate to severe TI. Thus, no E/A inversion after VM is therefore not indicative of normal diastolic filling in the presence of moderate to severe TI. Other related classic diastolic functional parameters (DT and the index of PVa_dur minus MVa_dur, as well as reduced systolic strain, E/EЈ and pulmonary artery systolic pressure) should take into account on evaluating the diastolic function in these patients.
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Figure 2.
Supposed physiology of Valsalva maneuver (VM) in patient without or with severe tricuspid insufficiency (TI). A, Supposed physiology of the unmasking effect of the VM in a patient without TI. In this patient, the VM provokes a decrease of left ventricular (LV) filling pressure, which leads to the reduction of the E-wave velocity, whereas the A velocity remains largely unchanged (E/A inversion). B, Supposed physiology of the VM in patient with severe TI. In this patient, in the presence of TI, the increased right ventricular forward flow during VM, leads to a paradoxically increased LV filling pressure. Subsequently, E wave remains unchanged (or even increases) and VM fails to induce E/A inversion. AO indicates aorta; LA, left atrium; PA, pulmonary artery; RA, right atrium; RV, right ventricle; RVOT VTI, right ventricular outflow tract velocity-time integral; and SV, stroke volume.
